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The indigenous microbiota of the nasal cavity plays
important roles in human health and disease.
Patterns of spatial variation in microbiota com-
position may help explain Staphylococcus aureus
colonization and reveal interspecies and species-
host interactions. To assess the biogeography of
the nasal microbiota, we sampled healthy subjects,
representing both S. aureus carriers and noncarriers
at three nasal sites (anterior naris, middle meatus,
and sphenoethmoidal recess). Phylogenetic com-
positional and sparse linear discriminant analyses
revealed communities that differed according to
site epithelium type and S. aureus culture-based
carriage status. Corynebacterium accolens and
C. pseudodiphtheriticum were identified as the
most important microbial community determinants
of S. aureus carriage, and competitive interactions
were only evident at sites with ciliated pseudostrati-
fied columnar epithelium. In vitro cocultivation
experiments provided supporting evidence of inter-
actions among these species. These results highlight
spatial variation in nasal microbial communities and
differences in community composition between
S. aureus carriers and noncarriers.
INTRODUCTION
The human body encompasses a variety of distinct habitats,
each of which harbors a complex microbial community with
distinct phylogenetic and functional gene composition (Costello
et al., 2009; Dethlefsen et al., 2007; Human Microbiome Project
Consortium, 2012). The human nasal cavity has been viewed
as one such habitat. From an anatomical perspective, the
familiar outward appearance of the nasal cavity belies a
complicated internal network of passages leading to the lungs
and paranasal sinuses (Jones, 2001). Although it is most
conventionally recognized for its olfactory function, the noseCell Host &is also an active component of both the immune and respira-
tory systems.
As a portal into the respiratory tract, the nasal cavity both
conditions and filters inhaled air. Large particulate matter is
removed from inhaled air in the anterior naris (AN) or nasal
vestibule, a relatively dry environment lined by skin-like squa-
mous epithelial cells and containing sebaceous glands and
vibrissae (hairs) (Geurkink, 1983). Smaller particulate matter,
including bacteria, is trapped in a flowing mucus blanket
covering the nasal mucosa deeper in the nose (Cohen, 2006).
The mucus blanket is transported through the nasal passage
toward the oropharynx by the steady beating of cilia on the
underlying ciliated epithelial cells. This blanket is an aqueous
solution of glycoproteins, lipids, and glycoconjugates (Casado
et al., 2005). Antimicrobial compounds such as lysozyme, lacto-
ferrin, and secretory IgA are present in mucus and, along with
mucosal immune cells, contribute to the innate immune system
(Ooi et al., 2008). The presence of microbes in this sticky milieu
is an important component of immune priming.
The nasal cavity has long been regarded as a clinically impor-
tant microbial habitat, particularly for Staphylococcus aureus.
The nasal vestibule is one of the main reservoirs for S. aureus,
a commensal organism carried by 20%–30% of humans at any
given time (Kluytmans and Wertheim, 2005). Carriage of
S. aureus is a significant risk factor for nosocomial invasive infec-
tions by S. aureus (Kluytmans et al., 1997). This association has
led to S. aureus colonization screening campaigns and efforts to
remove this species from the nasal vestibule (Lowy, 1998). How-
ever, both culture-based and molecular studies of the nasal
microbiota have generally been limited to sampling of just the
nasal vestibule. Recent 16S rDNA sequencing studies of this
microbiota have revealed community compositional patterns
that resemble those of skin (Frank et al., 2010; Grice et al.,
2009; Human Microbiome Project Consortium, 2012).
Given these anatomical and clinical considerations, we
selected three sites within the nasal cavity—the AN, middle
meatus (MM), and sphenoethmoidal recess (SR)—to represent
some of the different local microenvironments in which distinct
microbial communities might reside (Figure 1). The AN is lined
by skin-like squamous epithelium with the greatest exposure to
the external environment. Both the MM and SR possess
mucosa-like ciliated pseudostratified columnar epithelium andMicrobe 14, 631–640, December 11, 2013 ª2013 Elsevier Inc. 631
Figure 1. Taxonomic Composition of Nasal Communities at Three Sites in Persistent and Nonpersistent S. aureus Carriers
The average relative abundances of the 14 most abundant bacterial genera, as well as S. aureus, are displayed. ‘‘Staphylococcus, other’’ refers to all staphy-
lococci other than S. aureus. The six S. aureus persistent carriers are on the left, and the six nonpersistent carriers are on the right. The locations of the three
sampling sites (the AN, MM, and SR) in the human nasal cavity are indicated in the schematic on the lower right.
See also Figure S1 and Table S1.
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outflow tracts of the frontal, maxillary, ethmoid, and sphenoid
sinuses and their greater distance from the nasal ala. The SR is
located in the posterior-most aspect of the nasal cavity between
the nasal septum and superior turbinate. Drainage from the
posterior ethmoid and sphenoid sinuses flows through the SR.
The MM, bounded by the middle turbinate and lateral nasal
wall, receives drainage from the maxillary, anterior ethmoid,
and frontal sinuses and is located approximately midway
between the AN and SR sites in the nasal passage. These micro-
environments were sampled in order to provide a more compre-
hensive assessment of the nasal microbiome, its biogeography,
and possible sources of AN recolonization.
RESULTS
Bacterial Diversity of the Healthy Human Nasal Cavity
Our set of samples from the three nasal locations, 12 individuals,
and four time points contained sequences from 25 phyla with
96.2% of all sequences affiliated with three phyla—Actinobacte-
ria (50.7%), Firmicutes (24.7%), and Proteobacteria (20.7%).
With the exception of Bacteroidetes (2.5%), all additional phyla
represented less than 0.1% of total sequences. The 1,219,310
sequences of the final, high-quality filtered data set were
assigned to 2,042 operational taxonomic units (OTUs) with a
97% sequence identity threshold. The ten most abundant
sequences comprised 80% of the data; the single most abun-
dant sequence was affiliated with the genus Propionibacterium
and represented 20% of the sequences. Samples from 10 of
the 12 subjects were dominated by Corynebacterium and Pro-
pionibacterium (Actinobacteria). Of the remaining two individ-
uals, one (subject D) had an overall nasal community whose
membership was evenly divided among Firmicutes, Actinobac-632 Cell Host & Microbe 14, 631–640, December 11, 2013 ª2013 Elsteria, and Proteobacteria, whereas the other (subject L) was
dominated (54.0%) by Moraxella (Proteobacteria) (Figure 1). In
total, 15 Staphylococcus OTUs were identified with an average
sequence similarity of 99.6% (SD = 0.46) to their respective
reference sequence and an average sequence similarity of
99.7% (SD = 0.47) to a cultivated Staphylococcus type strain
(Table S1 and Figure S1 available online). With an average abun-
dance of 0.04% and 0.06%, respectively, S. aureus and
S. epidermidis were the most abundant Staphylococcus OTUs.
Intranasal Site as a Source of Variation in Microbial
Community Diversity
Three distinct intranasal sites—the AN, MM, and SR—were
assessed within each individual. All three sites were dominated
by Actinobacteria, ranging from 48.0%–52.5% of the se-
quences. The most abundant OTUs for any individual were
generally present at all three sites for that individual, although
the relative abundances at each site varied significantly. Micro-
biota compositions atMMand SRwere nearly identical, whereas
composition at the AN showed a greater proportion of Actino-
bacteria and Firmicutes and a smaller proportion of Proteo-
bacteria and other phyla (Figure 1). Both the Shannon Diversity
and phylogenetic diversity indices differed significantly between
the AN and the mucosal sites (the MM and SR); the latter two
sites had higher values for these indices (Figure 2). Diversity
values for the MM and SR did not differ to a statistically signifi-
cant degree on the basis of Wilcoxon rank-sum testing. Individ-
ually, richness and equitability varied in a similar manner. The AN
had lowermeasures of richness and equitability than theMMand
SR, whereas these indices did not vary significantly between the
MM and SR.
Weighted UniFrac principal coordinate analysis (PCoA) and
double PCoA (DPCoA) were used to compare communityevier Inc.
Figure 2. Alpha-Diversity Measurements for Communities from the Anterior Naris, Middle Meatus, and Sphenoethmoidal Recess
Several alpha diversity metrics were employed (richness, phylogenetic diversity, Shannon index, and equitability). The bottom and top of each box are the first
and third quartiles, respectively, and the band inside the box is the median. The whiskers represent one SD above and below the mean of the data. Statistical
testing was based on the Wilcoxon rank-sum test (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001).
See also Figure S2.
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analysis, a smaller distance between samples indicates commu-
nities whose members have a more similar evolutionary history.
Neither DPCoA nor UniFrac PCoA plots revealed distinct clus-
ters of samples on the basis of site. However, both revealed a
separation between AN samples and mucosal samples along
axis 1 (explaining 32%–34% of the variation in the data) (Fig-
ure 3). Centroids based on the site categorization were drawn
on the associated DPCoA species plot and were calculated on
the basis of the top 50 most abundant taxa. Although the cen-
troids for the mucosal sites were nearly identical in position,
the centroid and associated ellipse for AN appeared to occupy
a different, albeit overlapping, space (Figure 3).
ANOVA testing of OTU relative abundances between the AN
and mucosal samples revealed 18 OTUs that differed signifi-
cantly between the two site categories at the alpha = 0.05 levelCell Host &after a false discovery rate correction (Table S2). Most of these
relative abundances were less than 0.001, with the exception
of an OTU affiliated with Escherichia coli that had an average
abundance of 12.9% in the mucosal samples and 5.2% in
the AN samples. A Propionibacterium OTU was significantly
enriched in the AN samples at 21.0% versus 12.4% in the
mucosal samples.
Differences between Communities of S. aureusCarriers
and Noncarriers
We identified six individuals as S. aureus-persistent carriers
(subjects D, N, Q, R, S, and T) and the other six as nonpersistent
carriers (subjects C, G, H, L, M, and P) on the basis of culture
data. Within samples from nonpersistent carriers, S. aureus
sequences were only present at an average relative abundance
of 0.022% (SD = 0.024%) (Table S3). Among persistent carriers,Microbe 14, 631–640, December 11, 2013 ª2013 Elsevier Inc. 633
Figure 3. Principal Coordinate Analysis of
Samples on the Basis of Tissue Type
Two different phylogenetically-based beta di-
versity metrics, Rao dissimilarity and weighted
UniFrac, were employed. On the left, DPCoA,
which is based on Rao dissimilarity, was per-
formed on the top 50 most abundant OTUs.
Ellipses centered on the categorical averages re-
vealed an almost complete overlap of the mucosal
tissue (MM and SR) samples. On the right, DPCoA
and UniFrac PCoA were based on all OTUs.
See also Table S2.
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and more variable between individuals (average 7.3%,
SD =10.2%) than they were among noncarriers. S. aureus
was also found at all three anatomical sites for all persistent
carriers. SR, the deepest site, contained S. aureus at an average
relative abundance of approximately 39% in the most heavily
colonized individual, subject D (Table S4). S. epidermidis was
present in relatively high abundances in all samples from all
individuals, including those from S. aureus-persistent carriers.
Other members of the Staphylococcus genus for which se-
quences were detected included S. caprae, S. lugdunensis,
and S. saccharolyticus; these species were present at much
lower abundances.
ANOVA testing was conducted in order to determine
whether the relative abundances of specific OTUs were sig-
nificantly different on the basis of subject carrier status.
After correcting for false discovery rate, we identified 28
OTUs (Table S5) with statistically significant differences in
relative abundances between the two categories at the
alpha = 0.01 level. Of the 28 significant OTUs, the Coryne-
bacterium genus was the most represented with seven
OTUs that differed significantly between persistent and non-
persistent carriers. An abundant tag classified as belonging
to Propionibacterium acnes was significantly enriched in
persistent carriers (20.7% versus 10.4% in nonpersistent
carriers). S. aureus and other staphylococcal species had
significantly higher relative abundances within persistent
carriers (Table S5).
Phylum differences in community composition between
carriers and noncarriers were mainly limited to Actinobacteria
and Proteobacteria. For both carriage types, Actinobacteria
represented the majority of tags at statistically similar levels
(57.3% in persistent carriers and 46.2% in nonpersistent
carriers). Proteobacteria were enriched in samples from nonper-
sistent carriers (30.0%) in comparison to persistent carriers
(16.1%). In contrast, Firmicutes, the other abundant phylum,
was present at statistically similar levels in persistent (21.9%)
and nonpersistent (19.8%) carriers.634 Cell Host & Microbe 14, 631–640, December 11, 2013 ª2013 Elsevier Inc.Measurements of community diversity
were compared for samples that were
categorized as being from S. aureus car-
riers versus noncarriers. There was no
appreciable difference in richness or
phylogenetic diversity values on the
basis of this categorization. However,the Shannon estimator indicated significantly lower levels of
diversity in nonpersistent carrier communities. Equitability was
also lower for nonpersistent communities (Figure S2).
DPCoA and UniFrac PCoA plots organized by carriage status
revealed two distinct lobes corresponding to persistent carrier
samples versus nonpersistent carrier samples (Figure 4A and
4B). To determine whether these patterns were largely driven
by the presence of S. aureus, all OTUs belonging to the Staphy-
lococcus genus were removed from the data set. UniFrac and
DPCoA distances were recalculated and plotted, revealing little
change in the organization (Figure 4C). Carriage status seemed
to be separating the samples into two parallel lobes along
component 1, indicating that the variation accounted for by
component 2 (14.8% in UniFrac distances and 18.1% in DPCoA
distances) may be due to carriage status. Relative abundance of
S. aureus was not strongly associated with component 2
(Figure 4D).
Ellipses were drawn on the DPCoA species plot by centering
one around the mean of the nonpersistent carrier communities
and the other around the mean of the persistent carrier com-
munities. The resulting graph (Figure S3) showed largely inter-
secting areas with a different large cluster of points lying outside
each ellipse at the point of nonoverlap. When labeling by phylum,
it was apparent that the phylum Proteobacteria is a defining
feature of the nonpersistent carriers, whereas Firmicutes is, as
expected, the phylum driving the structure of the persistent car-
rier communities.
Predictors of S. aureus Carrier Status
A supervised learning approach using random forests was
used to discover OTUs that were predictive of carriage status.
The model had an estimated error of 6.7% with a SD of 5.5%,
whereas the baseline error was 48.6%, indicating a greater
than 7-fold improvement in classification by the model in
comparison to random guessing. We tested the model on AN
bacterial 16S rDNA data from the National Institutes of Health
Human Microbiome Project (NIH HMP) and used a similar
approach with abundances summarized at the genus level in
A C
DB
Figure 4. DPCoA and Weighted UniFrac
PCoA of Samples Based on the Carriage
Status of the Individual
(A–C) DPCoA (A) and UniFrac-based PCoA (B)
were performed with all sequence data (A), and
DPCoA was performed after removal of all
S. aureus sequences from analysis (C).
(D) DPCoA in which samples are colored accord-
ing to the relative abundance of S. aureus se-
quences in that sample. Host carriage status was
determined on the basis of conventional clinical
culturing of AN swabs as described in the Exper-
imental Procedures.
See also Figure S3.
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and an SD of 6.9%. A genus-level approach was used to
compare the two data sets, given that the differing methods of
OTU picking in these two projects resulted in a high degree
of nonoverlapping OTUs. Graphing of the principal coordinates
of the weighted UniFrac and Bray Curtis distances indicated a
similar clustering on the basis of S. aureus carriage status
(Figure 5).
To ascertain which OTUs were important in driving the classi-
fication on the basis of carriage type, we incorporated a non-
traditional method in the analysis pipeline. Recent statistical
research favors sparse methods for supervised learning (Clem-
mensen et al., 2011; Witten and Tibshirani, 2011; Zou et al.,
2006). These methods allow users to penalize models that
include too many explanatory variables. In practice, this is per-
formed by a regularization that adds a term penalizing the
number of nonzero coefficients. We have used the implementa-
tions of two types of sparse and penalized linear discriminant
analyses. These methods give similar results when used with
two classes (Witten and Tibshirani, 2011).
Linear discriminant analysis (LDA) provides the optimal linear
combination of variables for classification of the observations
in different relevant groups. Sparse LDA optimizes a criterion
based on both the quality of predictions and a term equal to a
tuning parameter times the sum of absolute values of the coeffi-
cients in the model. Sparse LDA has been shown to be more
robust than linear discriminant analysis (Hastie et al., 2009),
but, more importantly, through the calibration of the tuning fac-
tor, it provides an automatic method for feature selection.Cell Host & Microbe 14, 631–640, December 11, 2013 ª2013 Elsevier Inc. 635f
f
.The top five predictors (on the basis of
sparse LDA coefficient vector loadings)
included three different Corynebac-
terium OTUs (assigned to C. accolens,
C. pseudodiphtheriticum, and an unculti-
vated Corynebacterium with SILVA108-
species-level classification), a Dolosi-
granulum OTU, and an uncultivated
Betaproteobacteria. Notably, we found
a strong negative correlation between
the relative abundances of the top two
predictors, C. accolens and C. pseudo-
diphtheriticum across all samples
(Figure 6). Interestingly, when the super-
vised classifier was trained on only theAN data, its performance was noticeably weaker with double
the prediction error (mean = 24.3%, SD = 20.0%) in comparison
to its performance when trained on the data from mucosal sites
(mean = 11.4%, SD = 10.7%). Indeed, co-occurrence analysis
on all of the data indicated patterns of competitive exclusion
within only the mucosal habitats (Table S6).
Other Sources of Variation
As previous studies of the human microbiome have demon-
strated, our data revealed intersubject variation in patterns o
bacterial diversity. However, subject was not the largest source
of variation within this data set. PCoA plots based on weighted
UniFrac and DPCoA calculations did not reveal distinct clus-
tering by individual (Figure S2), although species richness and
the Shannon diversity index differed among individuals (Fig-
ure S1). There was no statistically significant clustering of sam-
ples by time, even when nested within an individual.
Interactions ofC. accolens andC. pseudodiphtheriticum
with S. aureus
Our analyses revealed that S. aureus and C. accolens co-
occurred in S. aureus carriers more often than would be
expected by chance and that C. pseudodiphtheriticum occurred
more often in noncarriers than would be expected, suggesting a
possible cooperative interaction between S. aureus and
C. accolens and a possible competitive interaction between
S. aureus and C. pseudodiphtheriticum. To test for evidence o
such interactions, we cultivated these species pairs together
on agar plates using the method described by Straight et al
AB
Figure 5. Predicted S. aureus Carriage
Status of Human Microbiome Project Ante-
rior Naris Samples
(A) PCoA plots based on Bray Curtis distances.
Carriage status is associated with the first prin-
cipal coordinate (PC1 = 12.5%).
(B) PCoA of weighted UniFrac distance. The pre-
dicted carriage status of the NIH HMP samples
appears to separate samples on PC2 (28.2%).
Predictions were based on a random forests
classifier built from genus-level abundances with
data from this study with a 10-fold cross-valida-
tion. The resulting classifier had an estimated error
of 6.885% ± 6.9% in comparison to 49.0% from
baseline error (random guessing).
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S. aureus (Figure 7A, top left image, and Figure 7B, top bar)
and that S. aureus growth was enhanced in proximity to
C. accolens (Figure 7A, bottom left image, and Figure 7B, third
bar from the top). In contrast, C. pseudodiphtheriticum growth
was much less well supported by S. aureus (Figure 7A, top right
image; Figure 7B, second bar from the top), and S. aureus
growth was inhibited in proximity to C. pseudodiphtheriticum
(Figure 7A, bottom right image, and Figure 7B, bottom bar).
These findings support both the hypothesis and specific predic-
tions of species-species interactions generated by the commu-
nity-wide statistical analyses.
DISCUSSION
Explorations of biogeography within the human microbiome
have been heavily guided by gross anatomical landmarks and
boundaries. As a result, microenvironments within otherwise
homogenous-appearing human landscapes, and especially
within spatially constrained sites, have been relatively ignored.
One of the few exceptions is the vagina, from which swab sam-
ples were obtained from the introitus, posterior fornix, and mid-
vaginal wall as part of the NIH HMP (Human Microbiome Project
Consortium, 2012; Zhou et al., 2013). But, like the nose, the
vaginal microbiota has often been most represented by a swab
sample from a single site. The nasal cavity serves as a physical
transition from a space that is in constant contact with the
external environment to a protected and highly regulated internal636 Cell Host & Microbe 14, 631–640, December 11, 2013 ª2013 Elsevier Inc.space. We anticipated that samples from
the AN, MM, and SR would capture a
picture of community transition from
anterior to distal locations within the
nasal cavity. In order to collect samples
with anatomic precision and rigor, we
used specialized techniques, equipment,
and clinical expertise. The resulting
biogeographical patterns indicated that
significant differences in bacterial com-
munity diversity are associated with
epithelium type. Although the MMs and
SRs differ significantly in their proximity
to the external environment and specific
sinuses, there was no appreciable differ-ence in the structure of their associated microbial communities.
Both of these mucosal sites are lined by ciliated pseudostratified
columnar epithelium. On the other hand, communities from the
AN, which possesses nonkeratinized, squamous epithelium,
had consistently lower levels of diversity than the mucosal sites
across multiple measurements of diversity.
Previous studies of skin environments have suggested
that sebaceous environments possess specifically adapted,
perhaps lipophilic, bacteria (Costello et al., 2009; Grice et al.,
2009). In the nose, sebaceous glands are connected to hair
follicles amidst the squamous epithelium and are absent from
the ciliated cuboidal and columnar epithelium. Sebum levels
are highly correlated with the presence of Propionibacterium
acnes, which has been shown to utilize sebum as a substrate
(Kurokawa et al., 2009). The small number of OTUs that differed
significantly between the AN and mucosal sites included a Pro-
pionibacterium sequence type that comprised over 20% of the
AN sequences.
A common feature of microbial ecological studies of the AN
has been the dominance of Corynebacterium, Staphylococcus,
and Propionibacterium species (Costello et al., 2009; Frank
et al., 2010; Grice et al., 2009; Human Microbiome Project Con-
sortium, 2012; Zhou et al., 2013). This feature is generally appli-
cable to our data as well. Traditionally, the AN has been viewed
as a major clinical reservoir for S. aureus. Interestingly, we saw
no evidence of a significant difference in the relative abundance
of staphylococci in the mucosal sites versus the AN. Humidity
and moisture have also been suggested to be favorable
Figure 6. The Relative Abundances of the Top Two Predictors
for S. aureus Carriage Status on the Basis of a Sparse Linear
Discriminant Model Trained on 90% of the Data and Tested on the
Remaining 10%
OTU 93808 corresponds with C. pseudodiphtheriticum and OTU 62369 cor-
responds with C. accolens. Species-level identifications were based on the
SILVA-108-database-curated species taxonomic assignments.
See also Table S6.
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species and may explain the abundance of Corynebacterium
and Staphylococcus species at our mucosal sites. The higher
levels of diversity in the mucosal samples may be related to
mucosal function. A primary role of the nasal mucosa is to
facilitate mucociliary clearance. It is possible that the picture of
diversity here also captures, to some extent, the environmental
sampling by the nose in its role as a filtration device.
Community composition also appeared to be influenced
by the S. aureus carriage status of the subject. Community
compositional differences between persistent and nonpersis-
tent carriers were clear even when S. aureus sequences were
ignored in the analysis. A strong host genetic component to
S. aureus carriage has long been suspected (Peacock et al.,
2001; Ruimy et al., 2010). Differences in host species sus-
ceptibility to S. aureus infection and the preference of this
pathogen for humans may in part relate to the enhanced affinity
of the S. aureus hemoglobin receptor for human hemoglobin
(Pishchany et al., 2010). Other studies have suggested an
association between carriage type and sequence poly-
morphisms found in the glucocorticoid receptor gene NR3C1,
which are suspected to cause altered sensitivity to inflammatory
regulators such as cortisol and other glucocorticoids (Manen-
schijn et al., 2009; van den Akker et al., 2006). An altered host
immune state could contribute to susceptibility to S. aureus
colonization as well as the selection of a distinct bacterial com-
munity structure.
Competition between S. aureus and S. epidermidis has been
implicated as a source of the differences reported between
S. aureus carrier and noncarrier communities (Frank et al.,
2010). However, ANOVA testing with our data revealed a higher
relative abundance of S. epidermidis in S. aureus-persistent
carriers. S. epidermidis populations in humans encompass a
large number of strains, only a subset of which possess the
glutamyl endopeptide protein, which has been implicated in
the inhibition of S. aureus colonization (Iwase et al., 2010). OneCell Host &might speculate that the S. epidermidis strains in our cohort of
subjects do not possess any of the accessory factors involved
in competition with S. aureus.
Instead, our data suggest that Corynebacterium species are
involved in specific interactions with S. aureus. Interestingly,
the two implementations of constrained LDA (sparse LDA
and regularized LDA) (Clemmensen et al., 2011; Witten and
Tibshirani, 2011; Zou et al., 2006) revealed two Corynebacte-
rium OTUs to be the most important features for carriage status
classification. When the random forests classifier was imple-
mented, the omission of each of these OTUs resulted in a
greater than 10% increase in model error in comparison to
when the OTUs were included in the model. A high relative
abundance of Corynebacterium pseudodiphtheriticum was
associated with low abundances or the absence of S. aureus,
whereas a high relative abundance of C. accolens was
associated with high relative abundances of S. aureus.
C. pseudodiphtheriticum is a common skin commensal and
occasional opportunistic pathogen, whereas only a few cases
of infection by C. accolens have been reported, and no studies
have examined the interactions between the two (Gutie´rrez-
Rodero et al., 1999; Soto et al., 1994). C. accolens was found
in a greater proportion of naris samples than was S. aureus in
the subset of NIH HMP samples that underwent metagenomic
analysis (Human Microbiome Project Consortium, 2012).
C. pseudodiphtheriticum was not mentioned in the analysis of
these NIH HMP data.
C. accolens and S. aureus appear to be adapted to each
other and promote each other’s growth in vitro. In contrast,
C. pseudodiphtheriticum may interfere with the colonization
of S. aureus, given that this species was observed to inhibit
S. aureus growth in vitro. A negative correlation between
S. aureus abundance and Corynebacterium abundance has
been previously observed, although no specific mechanisms
have been proposed (Frank et al., 2010; Lina et al., 2003; Uehara
et al., 2000). Themolecules facilitating these specific interactions
may be located preferentially at the interface between S. aureus
and the respective Corynebacterium species and might be
amenable to identification with imaging mass spectrometry
(Yang et al., 2012).
Interactions between C. accolens, C. pseudodiphtheriticum,
and S. aureus are probably microenvironment dependent.
Although none of these three species was enriched in samples
of either epithelium type, the abundance patterns associated
with carriage prediction were found only at the mucosal sites.
Nutrient or other niche limitations within the ciliated epithelial
environment of the mucosal sites may lead to competition.
Perhaps the exclusion of C. accolens and S. aureus from these
deeper mucosal sites by C. pseudodiphtheriticum spares non-
carriers a continuous source of S. aureus that otherwise renders
clinical attempts to decolonize the naris ineffective over the long
term in S. aureus carriers who lack C. pseudodiphtheriticum.
Interspecific competition has been documented in other
human-associated communities. In the oral cavity, Strepto-
coccus gordonii and Streptococcus sanguinis have been shown
to compete for host binding sites (Nobbs et al., 2007). It is
possible that a similar situation exists in the nose, where a
competitive advantage allows a more successful and/or earlier
colonizer to flourish (Kreth et al., 2009).Microbe 14, 631–640, December 11, 2013 ª2013 Elsevier Inc. 637
Figure 7. Interactions of C. accolens and
C. pseudodiphtheriticum with S. aureus on
Agar Plates
(A) Cells of one bacterial species were added to
brain-heart infusion agar containing 0.5% Tween
80, and cells of another species were spotted at the
center of the Petri dish on top of the agar surface.
Growth inhibition or growth promotion of the bac-
terial species in the agar around the colony at the
center of the dish is apparent.
(B) Growth inhibition and promotion were quanti-
fied by measuring the distance (cm) between the
edge of the colony and the periphery of the inhibi-
tion or growth promotion zone. For example, a
S. aureus (S.a.) colony enhanced the growth of
C. accolens (C.a.) in the surrounding agar (upper
left photo in A and top bar in B), whereas a
C. pseudodiphtheriticum (C.p.) colony inhibited the
growth of S. aureus in the surrounding agar (lower
right photo in A and bottom bar in B). Averaged
results from at least six experiments per interacting
strain pair are shown. Data are represented as
mean ± 1 SD.
Cell Host & Microbe
Microbiota of Human Nasal MicroenvironmentsOur results suggest the importance of examining the
human microbiome at a higher resolution spatial scale.
Many critical biological and ecological interactions may take
place exclusively between genetically similar organisms and
within more constrained environments. Within the nasal
cavity, intrageneric interactions may guide the establishment
of S. aureus as a community member and may lead to fun-
damentally different community structures at different nasal
microhabitats. In turn, these interactions may play important
roles in protecting against nasal colonization as well as invasive
disease.638 Cell Host & Microbe 14, 631–640, December 11, 2013 ª2013 Elsevier Inc.EXPERIMENTAL PROCEDURES
Subjects and Specimen Collection
Healthy subjects were recruited from the
Stanford University community. The subjects
were comprised of six males and six females
20 to 42 years old (average age of 26.1 years);
their ethnicity was eight Caucasian, two East
Asian, one South Asian, and two mixed. The nasal
cavity and tissues of each individual were
examined by an otolaryngologist. Exclusion criteria
included age less than 18 years, antibiotic treat-
ment within the previous six months, possession
of nonnatural objects within the naval cavity
(such as piercings), a history of smoking, allergic
rhinitis or hay fever, and nasal pathology (such
as severely deviated septum or nasal polyps).
Subject recruitment and enrollment were approved
by the Stanford University Administrative Panel on
Human Subjects in Medical Research (protocol
#10816). All subjects signed a written consent to
participate in this study.
Participants were sampled weekly for a total of
four visits over a 3-week period. Three sites within
each (left and right) nasal passage (i.e., the AN,
MM, and SR) were swabbed on each visit. The
MM and SR sites were sampled under endoscopic
visualization while taking care to retract the nasal
vestibule to avoid contamination of the samplingswab. Collected material was immediately suspended in 250 ml PBS and
frozen on dry ice. Samples were stored at 80C.
Culture-Based Detection and Identification of S. Aureus
To assess S. aureus nasal carriage, we collected an additional swab
sample from each nasal site using a BBL CultureSwab Liquid Stuart
medium transport system (BD Diagnostic Systems) and inoculated on blood
agar. Identification of S. aureus colonies was based on the Slidex Staph
Kit (bioMe´rieux Clinical Diagnostics) and a latex and red blood cell aggluti-
nation test. S. aureus carriage status was determined for the study subjects
on the basis of the carriage rule (Nouwen et al., 2004). In brief, any subject
with two positive consecutive weekly S. aureus cultures from the AN was
Cell Host & Microbe
Microbiota of Human Nasal Microenvironmentsdefined as a persistent carrier, and all other subjects were considered nonper-
sistent carriers.
DNA Extraction, Amplification, and Pyrosequencing
DNA was extracted from samples with the QIAamp DNAMini Kit (Qiagen) with
modifications to the manufacturer-suggested protocol for recovery of bacte-
rial DNA. In brief, 200 ml of the sample was incubated with 200 ml of Buffer
AL and 20 ml of Proteinase K for 20 min at 56C followed by a 5 min incubation
at 94C. Then, the solutionwas vortexed and transferred to aQIAampMini spin
column in order to proceed with the wash steps as described in the Qiagen
protocol. The DNA was eluted into a final volume of 100 ml for storage at
20C. Amplicon libraries were prepared for pyrosequencing of the 16S
rRNA V3 hypervariable region with barcoded fusion primers previously adapt-
ed for the 454 GS FLX platform (Huse et al., 2008). The V3 region was amplified
with primers 338F (ACT CCT ACG GGA GGC AGC AG) and 533R (TTA CCG
CGG CTG CTG GCA C). DNA was gel purified and quantified with the Pico-
Green Quant-iT dsDNA Assay Kit, high sensitivity (Invitrogen) with 96-well
plates and a Typhoon scanner (GE Healthcare). Equal mass ratios of samples
were subsequently pooled and sequenced at the Duke University Genome
Sequencing Core Resource.
DNA Sequence Filtering and Taxonomic Assignment
Raw reads were trimmed of primer sequences and reassigned to a sample
on the basis of computational recognition of the forward and distal hexamer
barcodes. Trimmed sequences shorter than 150 nt were removed from the
data set before alignment and taxonomic assignment with the QIIME software
pipeline (Caporaso et al., 2010). Sequences were denoised and chimeras
removed prior to analysis. OTUs were defined at 97% sequence similarity,
and sequences were clustered accordingly with UCLUST (Edgar, 2010) and
the SILVA 108 reference library. Sequences were aligned with the NAST align-
ment algorithm with the PyNAST method. Taxonomic assignment was based
on the curated SILVA 108 database taxonomic classification to the species
level. A total of 1,260,042 high-quality sequences from 191 samples were
aligned and classified. For verification of Staphylococcus OTUs, representa-
tive Staphylococcus sequences from the nasal cavity were aligned to the
respective high-quality reference sequences from the Silva 108 database
with SILVA Incremental Aligner (Pruesse et al., 2012) as well as to the Staphy-
lococcus reference sequences in the Silva 111 Living Tree Project-type strain
collection. Alignments were manually inspected, sequence identities were
determined, and their phylogenetic relationship was inferred. For more
detailed information, see the Supplemental Information.
Ecological Diversity Estimates and Microbial Community
Comparisons
To prevent size effects from skewing downstream analysis, samples contain-
ing fewer than 1,000 high-quality sequences were removed from analysis.
Sequences that appeared less than five times across all 191 samples were
also removed from the data set. This resulted in a total of 1,219,310 high-qual-
ity sequences from 179 samples over 12 individuals that were then used for
community-wide analyses. Samples with greater than 2,000 sequences
were rarefied to contain exactly 2,000 sequences so that all samples included
in community comparisons contained 1,000–2,000 sequences. OTU abun-
dance values were also log transformed.
Estimates of alpha diversity were calculated in QIIME with several metrics:
Shannon’s formula, phylogenetic diversity, and equitability. Equitability is
defined in QIIME asD/ log2(N), whereD is the Shannon index andN is the num-
ber of observed species. Categorical comparisons of diversity metrics were
assessed with a Mann-Whitney test with R statistical software.
Several ordination methods were used to analyze community similarity.
PCoA based on the phylogenetic metric UniFrac (Lozupone and Knight,
2005) was performed in QIIME. Weighted UniFrac distances were calculated
on rarefied abundances and subsequently plotted in R with the package
ggplot2. Bray-Curtis indices were calculated and compared directly within
QIIME. DPCoA was also used to analyze community similarities and was
implemented with the R package ade4. DPCoA is a method for visualizing
communities introduced by Pavoine, Dufour, and Chessel that makes a repre-
sentation of species and communities in such a way that the inertia of the
species and community points in the plot is equated with the diversity (PavoineCell Host &et al., 2004). Although the internal diversity can be calculated on the basis of
any number of diversity metrics, phylogenetic distance was used in our
analyses. This representation allows for ANOVA-style decomposition. The
resulting distances between the communities are quite similar to those
obtained with UniFrac, the key exception being that DPCoA gives a represen-
tation of species along with communities. The script used for DPCoA is pro-
vided in the Supplemental Experimental Procedures.
Supervised Classification, Feature Selection, and Sparse
Discriminant Analysis
First, a supervised learning-based classifier was implemented through QIIME.
The method utilizes a random forests classifier and has exhibited strong
predictive behavior on microbial community data sets (Knights et al., 2011).
The classifier was used on a rarefied abundance table with 1,000 trees and
10-fold cross-validation. The model was first trained on a randomly generated
subset of the data and was then tested on the remaining data. The error rate
was evaluated against the error rate of random classification with a 2-fold
decrease in classifier versus random error used as a threshold of a success-
fully discriminating model. As an alternative, more robust classification
approach with more powerful feature selection capabilities and sparse linear
discriminant analysis was implemented with the R packages sparseLDA and
penalizedLDA (Clemmensen et al., 2011; Witten and Tibshirani, 2011). The
top predictors were determined on the basis of the size of the coefficients in
the discriminating equation. The script used for sparse LDA is provided in
the Supplemental Experimental Procedures.
In order to test these classification models and predictors, AN sequences
from the NIH HMP were obtained, and taxonomic labels were rederived. The
revised taxonomic assignments were based on the NIH HMP publicly released
OTUs and representative sequences. The Ribosomal Database Project classi-
fier (version 2.2) was retrained on the SILVA 108 database and taxonomic
assignments. Then, a genus-level abundance table was generated for use
as a test set for the random-forests-based classification model.
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